Abstract Sharka disease, caused by the plum pox virus (PPV), is one of the major limiting factors for stone fruit crops in Europe and America. In particular, apricot is severely affected suffering significant fruit losses. Thus, PPV resistance is a trait of great interest for the apricot breeding programs currently in progress. In this work, two apricot maps, earlier constructed with the F 1 'Goldrich × Currot' (G×C) and the F 2 'Lito × Lito'-98 (L×L-98) populations, have been improved including 43 and 37 new simple sequence repeat (SSR) loci, respectively, to facilitate PPV resistance trait mapping. Screening of PPV resistance on the segregating populations classified seedling phenotypes into resistant or susceptible. A non-parametric mapping method, based on the Kruskal-Wallis (KW) rank sum test, was initially used to score marker-trait association, and results were confirmed by interval mapping. Contrary to the putative digenic model inferred from the phenotypic segregations, all significant markers for the KW statistic (P<0.005) mapped in a unique region of~21.0 and 20.3 cM located on the upper part of the G1 linkage group in 'G×C' and 'L×L-98' maps, respectively. According to the data, PPV resistance is suggested to be controlled by at least one major dominant locus. The association between three SSRs distributed within this region and the PPV resistance was tested in two additional populations ('Goldrich × Canino' and 'Lito × Lito'-00) and breeding program parents. The marker ssrPaCITA5 showed the highest KW value (P<0.005) in all cases, pointing out its usefulness in marker-assisted selection.
Introduction
Sharka disease, caused by the plum pox virus (PPV), was detected for the first time in Spain in 1984 (Llácer et al. 1985) . Since then, it spread throughout the country, seriously affecting apricot cultivation, as all native cultivars were susceptible to PPV. Attempts to block the spread of the disease through eradication of the infected trees were unsuccessful. To solve this problem in the long term, two breeding programs aimed at introducing PPV resistance from apricot sources were initiated in Spain (Egea et al. 1999; Badenes et al. 2002) , as was done earlier in France (Audergon 1995), Italy (Bassi et al. 1995) , and Greece (Karayiannis et al. 1999) . A few promising resistant selections have already been obtained by conventional breeding ; however, the PPV resistance screening method used is very time-consuming and significantly diminishes the selection efficiency, being a 'bottle neck' in the selection process. This screening method is based on a biological test that uses susceptible 'GF-305' peach seedlings, as woody indicators of disease, and involves several cold cycles followed by a doubleantibody sandwich indirect enzyme-linked immunosorbent assay (DASI-ELISA; Moustafa el al. 2001) .
In this context, marker-assisted selection (MAS) for PPV resistance would improve breeding efficiency. Among the different strategies, to search for trait-linked markers, genetic maps are one of the most convenient tools. Three Prunus linkage maps based on apricot intraspecific crosses, introducing PPV resistance from the North American cultivars 'Goldrich' (Hurtado et al. 2002) and 'Stark Early Orange'(SEO; Salava et al. 2002; Vilanova et al. 2003) , have been used to analyze PPV resistance. Hurtado et al. (2002) and Vilanova et al. (2003) tentatively mapped the PPV resistance trait in the linkage group 1 (G1) of the F 1 'Goldrich × Currot' (G×C) and the F 2 'Lito × Lito'-98 (L×L-98) population maps, respectively. A similar location was obtained by Salava et al. (2002) in the BC 1 population map 'LE-3246 × Vestar,' where PPVres1 was flanked by two amplification fragment length polymorphism (AFLP) markers (EAA-MCAG8 and EAG-MCAT14) in a region spanning~9.3 cM. Additionally, Decroocq et al. (2005) performed a quantitative trait loci (QTL) analysis for PPV resistance on a F 1 population derived from the interspecific cross Prunus persica × P. davidiana, where resistance was introduced from the P. davidiana clone P1908. Up to six PPV resistance QTLs were identified on this map, and two of them (PPV-1.1 and PPV-1.2) were shown to be located on linkage group 1.
In the three apricot populations analyzed, PPV resistance was mapped as a single-locus controlled trait. However, the segregation ratio obtained in these cases deviated significantly from that expected for a single dominant locus and more closely approximated that for two dominant independent loci (Hurtado et al. 2002; Salava et al. 2002; Vilanova et al. 2003) . Thus, these results supported the hypothesis of a digenic inheritance proposed by Dosba et al. (1991) in contrast with the monogenic control proposed by and Karayannis (2006) . In addition, as reported above, QTL analysis for PPV resistance on P. davidiana, based on an ordinal phenotypic scale to assess PPV infection, also presented evidence supporting the involvement of several loci in the control of the trait (Decrooq et al. 2005) . Nevertheless, the apricot response to PPV infection could only be rated on a binary scale (resistant vs susceptible; Salava et al. 2002; Vilanova et al. 2003) . The standard QTL mapping approaches assume polygenic inheritance and can behave poorly for binary traits. Several adaptations have been proposed to estimate the genetic distance between markers and binary trait locus (BTL), including non-parametric methods (McIntyre et al. 2001) .
In this paper, we report the detection and location of a genomic region associated with PPV resistance scored as binary trait. This region was located on very similar positions in two improved apricot maps derived from the F 1 'G×C' and the F 2 'L×xL-98' populations. Several markers linked to PPV resistance were identified and tested for MAS in a set of susceptible/resistant apricot cultivars and two additional segregating populations.
Materials and methods

Plant material
Two families were used for mapping PPV resistance (Table 1) , an F 1 resulting from the cross 'Goldrich × Currot' ('G×C') and an F 2 derived from the self-fertilization of the PPV-resistant cultivar 'Lito' (L×L-98), earlier used to construct two apricot linkage maps (Hurtado et al. 2002; Vilanova et al. 2003) . 'G×C' was previously described by Hurtado et al. (2002) as 'G×V' progeny and 'L×L-98' as 'L×L' by Vilanova et al. (2003) . To analyze SSRs selected for MAS, two additional segregating populations were used, 'Goldrich × Canino' (G×Ca) derived from the cross between the PPV-resistant cultivar 'Goldrich' and the PPV-susceptible cultivar 'Canino,' and an extension of the 'L×L-98' family designated as 'L×L-00'. A total of 7 PPV-resistant ('SEO,' 'Lito,' 'Goldrich,' 'Harcot,' 'Sunglo,' 'Veecot,' and 'Pandora') and 11 PPVsusceptible apricot cultivars ('Tyrinthos,' 'Currot,' 'Ginesta,' 'Canino,' 'Mitger,' 'Palau,' 'Bergeron,' 'Katy,' 'Pepito, ' 'Moniquí,' and 'Colorao'; Martínez-Gómez et al. 2000) were also used to test those SSRs selected for MAS.
DNA isolation
DNA was extracted from 50 mg of young leaves following the method of Doyle and Doyle (1987) . DNA quantification was performed by comparison with lambda DNA (Promega, Madison, WI, USA).
Screening for PPV resistance
Evaluation of PPV resistance in the studied families was performed according to the biological test described by Moustafa et al. (2001) using the PPV Dideron strain 3.3 RB (Asensio 1996) and 'GF-305' peach seedlings as woody indicators. The virus presence was analyzed by visual scoring of symptoms and confirmed by DASI-ELISA (Lommel et al. 1982 ) using the 5B-IVIA monoclonal antibody against the PPV coat protein (Cambra et al. 1994) . A total of 12 replications of each seedling were evaluated. RT-PCR analyses were performed occasionally to verify uncertain results (Wetzel et al. 1991) . Phenotypic scoring based on the presence/absence of leaf symptoms classified seedlings into susceptible (0)/resistant (1).
SSR markers
A total of 170 and 150 SSRs from peach and apricot were screened in the 'G×C' and the 'L×L-98' populations, respectively (ESM Table 1 In the 'G×C' population, two separated genetic linkage maps were constructed for each parent following the "twoway pseudo test-cross" model of analysis (Grattapaglia and Sederoff 1994) and setting a "cross-pollinator" data type. The original maps (Hurtado el al. 2002) were updated by adding 43 new SSR markers. In the 'L×L-98' population, the linkage analysis was carried out setting F 2 data type, and the original map (Vilanova et al. 2003) was updated by adding 37 new SSR markers. Linkage groups were established using as threshold a minimum logarithm of odds (LOD) of 5.0. In general, linkages considered for mapping were those with recombination frequency lower than 0.4 and LOD score larger than 3.0.
Statistical analysis and BTL identification
Binary trait analysis was performed on the two different updated maps ('G×C' and 'L×L-98') using MapQTL version 4.0 (Van Ooijen et al. 2000) . As PPV resistance scorings were not normally distributed, the Kruskal-Wallis (KW) rank-sum test (Lehmann 1975) , with a threshold value of P<0.005, was first applied individually to each segregating locus to test for associations between markers and PPV resistance. Subsequently, interval mapping (IM) analysis (Lander and Botstein 1989; Van Ooijen 1992) was performed to support the detection of putative BTLs by KW test. The LOD chromosome-wide significance threshold to decide upon the presence or absence of a BTL for IM (Van Ooijen 1999) was determined with a 5% significance level by using permutation tests (Churchill and Doerge 1994) carried out on G1 and corresponded to a value of 3.0 in both maps. A confidence interval around the position of the largest LOD was indicated by a two-LOD support interval (Van Ooijen 1992) .
Putative double recessive epistatic interactions between ssrPaCITA5 and other co-dominant markers were assessed with the KW test (P<0.05) and multiple comparisons (Dunn 1964) , considering differences among the four genotype groups categorized by two SSRs (A-B-/A-Bb/aaB-/aabb).
Results
'GxC' and 'LxL-98' improved linkage maps To facilitate the identification and location of loci associated with PPV resistance, new SSRs were incorporated into two apricot linkage maps earlier constructed with the intraspecific populations F 1 'G×C' (Hurtado et al. 2002) and F 2 'L×L-98' (Vilanova et al. 2003) .
A total of 170 SSRs from different sources were tested in the 'G×C' progeny (ESM Table 1 ), and 148 out of them (87%) could be amplified. Fifty-five out of the amplified SSRs were polymorphic (37%); the rest were monomorphic or produced complex patterns. Fourteen out of these polymorphic SSRs were heterozygous in both parents, 26 only in 'Goldrich,' and 15 only in 'Currot.'
Thirty-seven SSR loci were incorporated into the 'Goldrich' map and distributed throughout the genome, ranging from eight markers in G1 to one marker in G3 (ESM Table 2 ). Twelve out of them correspond to co-dominant loci and 25 to dominant loci. Two additional SSRs tested by Hurtado et al. (2002) but unmapped in the previous map, UDP98-409 and UDP98-412 (Cipriani et al. 1999) , were also incorporated into the 'Goldrich' map. Four markers (10.5%) deviated significantly from the expected F 1 segregation ration at P< 0.01. The improved 'Goldrich' map is organized in eight linkage groups covering a distance of 468 cM and comprising 139 loci: 63 AFLPs, 48 SSRs, 25 randomly amplified polymorphic DNAs (RAPD), and 3 restriction fragment length polymorphisms (RFLPs; Fig. 1 ). The average distance between adjacent markers was 3.4 cM, ranging from 2.4 cM in G6G to 6.3 cM in G8G.
Seventeen SSR loci were incorporated into the eight linkage groups of the 'Currot' map, ranging from one marker in G2 and G4 to five markers in G5 (ESM Table 2 ). Ten resulted in co-dominant loci and seven in dominant loci. Five markers (29%) showed skewed segregation ratios at P<0.01. The 'Currot' map covers a distance of 451 cM and comprises 89 loci: 42 AFLPs, 26 SSRs, 21 RAPDs, and 1 RFLP (Fig. 1) . The average distance between adjacent markers was 5.1 cM, ranging from 3.0 cM in G8C to 7.0 cM in G4C.
Fifteen SSRs heterozygous in both parents provided bridges between the two maps. In addition, part of the Fig. 1 Genetic linkage maps of 'Goldrich' and 'Currot.' Linkage groups were numbered according to the nomenclature of Dirlewanger et al. (2004a) . New SSR markers are black boxed. Solid circles indicate anchor markers with other Prunus maps (Dirlewanger et al. 2004a, b; Yamamoto et al. 2005 ) and the 'L×L-98' map. Asterisks indicate markers with distorted segregations at P<0.01. Distances in centimorgan are shown on the left in 'Goldrich' and on the right in 'Currot' mapped SSRs allowed us to establish homologies with other Prunus maps: 23 were held in common with the Prunus reference map derived from the almond-peach cross 'Texas' × 'Earlygold' (Dirlewanger et al. 2004a) , 37 with the map of Dirlewanger et al. (2004b) obtained from a myrobolan plum × [almond × peach] progeny, and 23 with the peach map of Yamamoto et al. (2005) .
A total of 150 SSRs from peach and apricot were tested in the 'L×L-98' progeny (ESM Table 1 ), and segregation was demonstrated for 47 (31%) of them. The rest of SSRs could not be amplified, produced complex patterns, or were monomorphic. From the 47 polymorphic SSRs, 37 were mapped in the 'L×L-98' map (ESM Table 2 ), 33 were codominant loci, and 4 dominant. One SSR tested by Vilanova et al. (2003) but unmapped in the previous map, pchgms2(1) (Sosinski et al. 2000) , was incorporated with the new markers. In total, 38 SSR markers were added to the map being distributed throughout the genome and ranging from 15 markers in G1 to 3 markers in G2 and G3. No markers were mapped on G4 (ESM Table 2 ). Nine markers (23%) deviated significantly from the expected F 2 segregation ratio at P<0.01. The map is organized in eight linkage groups covering a distance of 615 cM and comprising 231 loci: 154 AFLPs, 63 SSRs, and 14 AFLP-RGAs (Soriano et al. 2005 ; Fig. 2 ). The average distance between adjacent markers was 2.6 cM, ranging from 1.3 cM in G4 to 8.4 cM in G3. the mapped SSR markers established homologies with other Prunus maps: 25 were held in common with the Prunus reference map (Dirlewanger et al. 2004a) , 38 with the map of Dirlewanger et al. (2004b) , and 22 with the map of Yamamoto et al. (2005) .
Identification of a BTL for PPV resistance PPV infection in parents and progenies was evaluated after every dormancy cycle by assessing the presence of symptoms and later confirmed by DASI-ELISA. The inoculation efficiency was very high, and over 95% of the 'GF-305' rootstocks developed symptoms. However, distribution of symptoms was highly irregular among seedling shoots hampering the rating of viral symptoms in intermediate grades. Thus, PPV resistance phenotype was scored as Fig. 2 Genetic linkage map of 'L×L-98'. Linkage groups were numbered according to the nomenclature of Dirlewanger et al. (2004a) . New SSR markers are black boxed. Solid circles indicate anchor markers with other Prunus maps (Dirlewanger et al. 2004a, b; Yamamoto et al. 2005 ) and the 'G×C' map. Asterisks indicate markers with distorted segregations at P<0.01. Distances in centimorgan are shown on the left resistant or susceptible to avoid misclassifications. Most susceptible seedlings were detected after the first cycle, but about 15-40% (depending on the population) were scored resistant in cycle 1 and resulted susceptible in cycle 2 (Table 1) . Evaluation after additional cycles did not detect significant variations (data not shown).
The resistant/susceptible ratio does not fit with monogenic models, neither in the mapping populations nor in the two additional progenies analyses (Table 1) . However, all segregations fit better with a digenic model except for 'G×Ca', where three genes are necessary to explain the segregation obtained (data not shown). Co-segregation analysis between PPV resistance and markers from the 'G×C' and 'L×L-98' apricot maps showed that only a few markers located on G1 showed a recombination frequency (θ) lower than 0.4 and LOD>3.0 (Table 2) . However, the inclusion of the PPV resistance gene in the map modified significantly the original distances among the marker loci, as expected for a trait that segregation fit with a digenic model, thus, being highly distorted in all populations.
The possible involvement of several loci in the control of the PPV resistance trait was initially studied following the KW non-parametric test. In agreement with the cosegregation analysis, only markers located on the upper part of G1 in both maps were significant (P<0.005) for the KW test (Table 2 and Fig. 3) . The P<0.005 significance intervals comprised regions of~21.0 cM in the 'Goldrich' map, between UDAp415 and ssrPaCITA17 (38.1-59.1cM map positions), and~20.3 cM in the 'LxL-98' map, between EAA-MCTA1 and EAC-MCAT13 (25.2-45.5 cM map positions; Fig. 3 ). All the dominant markers in the 'L×L-98' map showing KW significant values come from the resistant parent 'SEO,' as those coming from 'Tyrinthos' were linked in repulsion with the resistance, being not included in the analysis.
BTL identification was also performed with the IM procedure to support the results obtained with the KW test, and a general agreement was observed between both methods (Fig. 3) . In spite of the limitation that the binary phenotype distribution supposes for IM, this method confirmed the detection of one BTL on G1 in both maps. In 'Goldrich,' the two-LOD support interval for this BTL is located within an~11.4-cM genomic region (between markers AA-CTT14 and AA-CCC1) and in 'SEO' within a region of~9.1 cM (between EAG-MCTT1 and EAT-MCTC9; Fig. 3 ). Interestingly, no other BTLs were found by IM. Table 2 shows the statistics summary for the highly significant markers located between two SSRs flanking these intervals (aprigms18 and ssrPaCITA17).
Possible epistatic interactions that might explain PPV resistance segregations were tested between the highest KW significant SSR within the BTL-associated genomic region identified on G1 (ssrPaCITA5) and other co-dominant markers residing on a different region of the same chromosome or on different chromosomes. These markers showed relatively high KW values but were non-significant because, as reported above, all the KW significant markers were located in the upper part of G1. Therefore, as expected from the KW test results, no significant epistatic interactions with a threshold value of P<0.05 were detected in any of the two maps (data not shown).
MAS in apricot breeding
SSRs flanking the BTL-associated region identified on G1 (aprigms18 and ssrPaCITA17) and the SSR showing the highest KW and IM LOD score values (ssrPaCITA5) were screened in a set of resistant/susceptible apricot genotypes and two additional apricot populations ('G×Ca' and 'L×L-00') to validate their association with PPV resistance. Table 3 shows that ssrPaCITA5 and ssrPaCITA17 alleles linked to PPV resistance were detected in all resistant cultivars but not in susceptible ones. However, aprigms18 PPV-resistance-linked allele was also detected in two susceptible cultivars ('Mitger' and 'Palau'). SSRs located on different linkage groups did not show any association with PPV resistance in the set of apricot genotypes analyzed (data not shown).
The association between these markers and PPV resistance in 'G×Ca' and 'L×L-00' measured with the KW test (Table 4) . Two SSRs, M3b located on the lower region of G1 and CPPCT-13 located on G5, were used as negative controls. As previously reported for the 'G×C' population, ssrPaCITA5 showed the highest KW statistic value in the 'G×Ca' population. In 'L×L-00,' the three markers were highly significant for the KW statistic (P < 0.0001), although, when merging 'L×L-98' and 'L×L-00' data, ssrPaCITA5 again shows the highest significant value (data not shown). SSR negative controls showed non-significant values in both populations.
To test the potential use of these markers for MAS, the percentage of misclassified seedlings was determined in the four populations studied (Table 5) . Seedling classification into resistant or susceptible phenotype based on ssrPa-CITA5 is noticeably more accurate than with the other markers (Table 5) . Particularly, percentages of seedlings without ssrPaCITA5 classified as PPV-resistant (2-10%) are lower than those obtained with aprigms18 or ssrPaCITA17 in all cases (from 6 to 21%).
Discussion
Improved apricot linkage maps
Saturation of the 'G×C' and 'L×L-98' apricot linkage maps (Hurtado et al. 2002; Vilanova et al. 2003 ) was moderately high, although clearly insufficient in 'G×C,' where not all the groups corresponding to the basic chromosome number of Prunus (n=8) could be defined. Moreover, the number of co-dominant markers contained in both maps was fairly small. Thus, to facilitate the use of these maps for MAS or synteny studies, up to 43 and 37 new SSR markers, respectively, were incorporated in this work.
The new 'Goldrich' map covers 468 cM with an average distance between markers of 3.4 cM, significantly lower than the 3.9 cM determined in the original map (Hurtado et al. 2002) . As cited above, initially only five of the eight expected linkage groups were identified (Hurtado et al. 2002), but in the improved map, eight groups were obtained, noticing that two of the five previous groups were formed by joining together two different groups (G1G-G8G and G2G-G5G). The new 'Currot' map covers 451 cM with an average distance of 5.1 cM, in contrast with the 5.8 cM of the previous map (Hurtado et al. 2002) . Sixteen SSRs established bridges between the eight linkage groups of both maps, maintaining the co-linearity in the majority of them. The apricot genome length estimated using the method of Meagher et al. (1988) was between 800 and 1,200 cM; therefore, the 'Goldrich' map may cover from 39 to 58% of the nuclear genome and the 'Currot' map from 37 to 56%.
The new 'L×L-98' map covers 615 cM with an average distance of 2.6 cM lower than the 3.3cM of the previous map (Vilanova et al. 2003) and lower than those obtained in most of the Prunus maps (Bliss et al. 2002; Dirlewanger et al. 2004b; Yamamoto et al. 2005) , except Dirlewanger et al. (2004a) . According to Meagher et al. (1988) , this linkage map may cover from the 52 to 77% of the nuclear genome. In these apricot maps, G1 and G6 were the largest linkage groups in agreement with the results observed in most Prunus maps (Dirlewanger et al. 2004a, b; Yamamoto et al. 2005) and with cytogenetic data suggesting the existence of a chromosome larger than the rest in Prunus (Jelenkovic and Harrington 1972) .
Segregation distortion at P<0.01 was observed for 17% of markers in 'Goldrich' and 22% in 'Currot.' These markers were distributed throughout the genome but, on G5, appears as a cluster with nine skewed markers in 'Goldrich' and five in 'Currot,' suggesting that this region The presence (amplification) of the PPV resistance linked allele is indicated by (+) and the absence by (−). a Brooks and Olmo (1997) b Syrgianidis and Mainou (1993) c Della Strada et al. (1989) d IVIA e Russell (1998) may be subjected to selection. In the 'L×L-98' map, 54% of the distorted loci were located on the G1 upper part. Vilanova et al. (2003) suggested a selection at pre-or postzygotic level against lethal or sub-lethal genes located in this region. In addition, 27% of the distorted loci were placed on G6 because of the semi-compatible self-fertilization of 'Lito' controlled by the S-locus located on G6 (Vilanova et al. 2003) . New SSRs on the 'G×C' and 'L×L-98' maps established homologies with other Prunus maps (Dirlewanger et al. 2004b; Yamamoto et al. 2005) and increased the number of anchor markers with the Prunus reference map (Dirlewanger et al. 2004a ) from 14 to 23 in 'G×C' and from 22 to 25 in 'L×L-98.' These markers were essentially collinear with other Prunus maps supporting the high degree of synteny observed within this genus (Dirlewanger et al. 2004a) . Comparative mapping studies developed in the last years will facilitate the future use of MAS in fruit breeding.
Genetic control and mapping of PPV resistance trait
To date, the genetic control system of PPV resistance remains unknown, and this is being an important handicap for the breeding programs. In addition, attempts to locate this trait in the available maps have not been completely successful, hindering the MAS development. Several reasons may explain this situation: the strong environmental dependence of PPV resistance scoring (Decroocq et al. 2005) , the difficulty into evaluating this trait on large-scale experiments, and the differences in the methods of evaluation used by research groups (Llácer et al. 2007) .
In this work, we report the analysis of PPV resistance segregation data in four populations: two F 1 , 'G×C' (Hurtado et al. 2002) and 'G×Ca', and two F 2 , 'L×L-98' (Vilanova et al. 2003) and 'L×L-00.' All observed segregations deviated significantly from the expected ratio for a single dominant locus (1:1 in F 1 and 3:1 in F 2 ) but fit with a model of two dominant independent loci controlling PPV resistance (1:3 in F 1 and 9:7 in F 2 ), except 'G×Ca,' consistent with a trigenic model. These results suggest that several loci may be involved in the resistance control. The digenic model would correspond to a double recessive epistasy in which the dominant alleles of both genes are necessary to provide resistance. However, a digenic control for plant pathogen resistance does not seem to be very frequent. In one of the few examples available from the literature, Suwabe et al. (2003) initially found two SSRs linked to two possible independent genes involved in the resistance to clubroot in Brassica rapa L., but final results supported an oligogenic control.
If monogenic control is not assumed, it is not possible to map the PPV resistance trait as a single marker, and QTL approaches become necessary. Because attempts to determine intermediate phenotypes with certain guarantees were not completely successful, PPV resistance was scored as a binary trait (resistant vs susceptible). These kind of traits, nonnormally distributed, are not infrequent, but the use of standard QTL approaches for such traits may lead to low power or unacceptably high false positive rates (Kruglyak and Lander 1995) . The nonparametric mapping method based on the KW rank sum test enables mapping QTL when a spike in the phenotype distribution occurs, and therefore, the usual normality assumption can not be made (Broman 2002) . However, the use of parametric statistical methods is recommended to confirm non-parametric QTL mapping results when there is non-normality (Kruglyak and Lander 1995; Caranta et al. 1997) .
Binary traits analysis for PPV resistance performed with the KW test and confirmed by IM revealed the presence of a putative single BTL in the upper region of G1 in two different apricot-improved maps. The KW test defined BTL confidence intervals, comprising markers significant at P< 0.005, very similar in size (~21.0 cM) and location in the two maps. The consistency of these results is reinforced if we consider that these two maps are based on two different populations, F 1 and F 2 , derived from two different resistance donors ('Goldrich' and 'SEO'). Moreover, although not totally coincident, map localizations proposed for PPV resistance trait are consistent with those determined by Salava et al. (2002) in the apricot 'LE-3246 × Vestar' cross and Decroocq et al. (2005) in the P. persica × P. davidiana cross. aprigms18  20  63  49  8  85  67  25  30  29  19  25  24  ssrPaCITA5  6  53  32  3  77  42  10  29  27  20  26  24  ssrPaCITA17  10  59  39  5  79  45  31  31  31  19  27  25 Percentages of misclassified seedlings in the four populations analyzed: R− indicates percentage of seedlings without the marker classified as PPV resistant; S+ indicates percentage of seedlings carrying the marker classified as PPV susceptible and Total indicates percentage of total seedlings misclassified
The identification of only one genomic region involved in PPV resistance by KW and IM analyses disagrees with the digenic (or even trigenic) model suggested by the segregations observed. Two main hypotheses may explain these contradictory results: first, a possible bias in the PPV resistance evaluation because of the misclassification of resistant seedlings as susceptible. In fact, the latent resistance of seedlings and selections after showing symptoms of PPV infection has been already documented in apricot (Karayiannis 2006) . This possibility would approximate segregations to those expected for one single locus. An alternative explanation might be that KW and IM analyses only detected a major gene located on G1 but not some modifier genes with minor effects located throughout the genome. A similar model has been proposed previously for the resistance against cucumber mosaic virus in pepper (Caranta et al. 1997) , for the mildew resistance in sunflower (Gentzbittel et al. 1998) , and for the resistance to Plasmodiophora brassicae in Chinese cabbage (Kuginuki et al. 1997 ).
In conclusion, based on the available evidence, we suggest that PPV resistance in apricot is controlled by at least one major dominant gene located in the upper region of G1, although the involvement of other minor genes cannot be discarded at this time.
MAS in apricot breeding
The evaluation of PPV resistance is one of the main limitations for the apricot breeding programs because of the high costs of time and space that are required. At the IVIA, since 1993, nearly 30 progenies comprising more than 4,000 individuals have been generated. Every year, if the conditions are favorable, 500 seedlings can be analyzed, requiring a total of 13 months for each. Four months are necessary to grow the woody indicators, and evaluation itself takes 9 months, including the bud grafting, two cold treatments, and two periods of symptoms observation. In this context, the use of molecular markers linked to PPV resistance would significantly increase the breeding program efficiency.
Among the selected SSR tested for MAS, ssrPaCITA5 was the most effective. Depending on the population type, the proportion of susceptible seedlings misclassification with this marker varies from 41 to 69%. However, if we use this marker to discard those seedlings without the marker, 50% of the F 1 seedlings and~25% of the F 2 seedlings would be removed, the majority of them susceptible, while preserving most resistant seedlings (>90% in F 1 and >95% in F 2 populations). These results, although modest in comparison with MAS studies in other species like rice (Hittalmani et al. 1995) or apple (Kellerhals 2000; Tartarini et al. 2000) might still be useful in apricot breeding programs, considering the huge limitations reported above, particularly relevant in fruit tree crops. Saturation of G1 should be pursued in the future to facilitate MAS in breeding programs and to tackle map-based cloning of the major PPV resistance gene.
Moreover, the presence of the ssrPaCITA5 and ssrPa-CITA17 PPV-resistance-linked alleles in all resistant cultivars studied is especially interesting, as four different sources of PPV resistance ('SEO,' 'Sunglo,' 'Reliable,' and P. mandchurica sp.) are represented in the seven resistant cultivars analyzed (Karayiannis 2006 ). These results suggest a possible common origin for the PPV resistance; however, this remains to be investigated.
